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ABSTRACT
The δ Sct stars are a diverse group of intermediate-mass pulsating stars located on and near the
main sequence within the classical instability strip in the Hertzsprung–Russell diagram. Many of
these stars are hybrid stars pulsating simultaneously with pressure and gravity modes that probe the
physics at different depths within a star’s interior. Using two large ensembles of δ Sct stars observed
by the Kepler Space Telescope, the instrumental biases inherent to Kepler mission data and the
statistical properties of these stars are investigated. An important focus of this work is an analysis of
the relationships between the pulsational and stellar parameters, and their distribution within the
classical instability strip. It is found that a non-negligible fraction of main sequence δ Sct stars exist
outside theoretical predictions of the classical instability boundaries, which indicates the necessity
of a mass-dependent mixing length parameter to simultaneously explain low- and high-radial order
pressure modes in δ Sct stars within the Hertzsprung–Russell diagram. Furthermore, a search for
regularities in the amplitude spectra of these stars is also presented, specifically the frequency
difference between pressure modes of consecutive radial order. In this work, it is demonstrated that
an ensemble-based approach using space photometry from the Kepler mission is not only plausible
for δ Sct stars, but that it is a valuable method for identifying the most promising stars for mode
identification and asteroseismic modelling. The full scientific potential of studying δ Sct stars is as
yet unrealised. The ensembles discussed in this paper represent a high-quality data set for future
studies of rotation and angular momentum transport inside A and F stars using asteroseismology.
Key words: asteroseismology – stars: oscillations (including pulsations) – stars:
variables: δ Scuti – techniques: photometry
1 INTRODUCTION
The δ Sct stars are a diverse group of pulsating stars found
at the intersection of the main sequence and the classi-
cal instability strip in the Hertzsprung–Russell (HR) dia-
gram, which corresponds to spectral types between A2 V
and F2 V for main sequence Population I stars, and effec-
tive temperatures approximately between 6400 ≤ Teff ≤ 8600
(Breger 2000b; Rodr´ıguez & Breger 2001; Aerts et al. 2010;
Uytterhoeven et al. 2011). This places δ Sct stars within
an interesting transition region in the HR diagram between
low-mass stars with radiative cores and thick convective en-
velopes (M . 1 M) and high-mass stars with large con-
vective cores and radiative envelopes (M & 2 M) — see
Bowman (2017) for a recent review of δ Sct stars. The obser-
vations of the physical properties of δ Sct stars provide use-
ful constraints for stellar structure and evolutionary models,
since the physical properties such as interior rotation, and
? E-mail: dominic.bowman@kuleuven.be (DMB)
the size and shape of the convective core have a significant
impact on the evolution of intermediate and massive stars
(Maeder 2009; Meynet et al. 2013).
The observation and modelling of stellar pulsations –
known as asteroseismology – provides insight of the interior
physics of stars for a wide range of stellar masses and evo-
lutionary stages across the HR diagram (Aerts et al. 2010).
The pulsation modes excited within a star are dependent
on stellar structure, thus pulsation mode frequencies pro-
vide direct insight of physics within a star where tradi-
tional methods in astronomy, such as photometry and spec-
troscopy, are unable to probe directly. This makes astero-
seismology unique, with its strong observational constraints
of stellar physics used for improving theoretical models of
stellar structure and evolution. The dominant pulsations
in δ Sct stars are self excited by the opacity (κ) mech-
anism operating in the He ii ionisation zone (Cox 1963;
Breger 2000b; Aerts et al. 2010), which produces pressure
(p) modes with periods as long as eight hours and short as
15 min (Uytterhoeven et al. 2011; Holdsworth et al. 2014).
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These p modes typically have low radial orders and are most
sensitive to the surface layers of a star. Another form of
coherent mode excitation in δ Sct stars is from turbulent
pressure, which is able to excite p modes with radial orders
between 7 ≤ n ≤ 10 with higher pulsation mode frequencies
for stars within the classical instability strip (Houdek 2000;
Antoci et al. 2014; Xiong et al. 2016).
The instability regions of the δ Sct and the lower-
mass γ Dor stars are predicted to overlap in the HR di-
agram (Dupret et al. 2004, 2005; Houdek & Dupret 2015),
with stars that simultaneously pulsate in p modes excited
by the κ mechanism and gravity (g) modes excited by the
convective flux blocking (modulation) mechanism commonly
referred to as hybrid stars. The exact nature the excitation
mechanism of g modes and its physical relationship with the
κ-mechanism in intermediate-mass stars is not fully under-
stood (see e.g., Xiong et al. 2016), with a significant frac-
tion of δ Sct stars hotter than the γ Dor instability re-
gion observed to pulsate with g modes (Uytterhoeven et al.
2011; Bowman 2016, 2017). Few hybrid stars were known
prior to space photometry (see e.g., Handler 2009). The
unprecedented photometric precision, duty cycle and to-
tal length of the Kepler mission (Borucki et al. 2010;
Koch et al. 2010) revealed that many δ Sct stars are hy-
brid stars (Grigahce`ne et al. 2010; Uytterhoeven et al. 2011;
Balona & Dziembowski 2011; Balona 2014). On the other
hand, it is also demonstrably true that pure δ Sct stars
with no significant frequencies below 5 d−1, albeit rare, exist
(Bowman 2017).
An analysis of 750 A and F stars was carried out by
Uytterhoeven et al. (2011) using 1 yr (Q0 – Q4) of Kepler
data, and it was concluded that approximately 25 per cent
were hybrid pulsators. Later analyses of A and F stars us-
ing longer time spans of Kepler data by Balona (2014) and
Balona et al. (2015) have found much higher fractions of
δ Sct stars with low frequencies in their amplitude spectra,
but also demonstrate that less than fifty per cent of stars
within the classical instability strip pulsate. This measured
incidence of pulsation amongst δ Sct stars should be consid-
ered a lower limit with 50 per cent of A and F stars observed
to pulsate using the detection threshold Kepler photome-
try, which is of order a few µmag in the best of cases. For
many A and F pulsators, it is not established if observed
low-frequency peaks are caused by pulsation modes, rota-
tional modulation, combination frequencies or have some
other astrophysical cause (Bowman 2017). Recent studies by
Van Reeth et al. (2016) and Saio et al. (2018) have discov-
ered that global normal modes of Rossby waves (r modes),
which cause temperature perturbations in a rotating star,
are visible in A and F stars in the Kepler data set. Specifi-
cally, r modes in rapidly rotating γ Dor stars exhibit a power
excess at low frequency, such that r modes with azimuthal
order m produce a group of frequencies slightly below m
times a star’s rotation frequency (Saio et al. 2018).
For chemically normal stars within the classical insta-
bility strip, it is not surprising that they are observed to
pulsate from the nature of the driving mechanism in δ Sct
stars (Murphy et al. 2015), although it is also known that
approximately half of stars within the classical instability
strip are not pulsating (Balona & Dziembowski 2011) at the
photometric precision of order a few µmag in Kepler data.
Further work is needed to study the interplay between the
flux blocking mechanism and the κ mechanism in A and F
stars, with a focus on understanding the synergy between the
pulsation excitation mechanisms and the observed minority
of δ Sct stars pulsating in purely p modes. This provides
motivation for characterising the pulsation properties of a
large ensemble of δ Sct stars observed by Kepler presented
in this work.
However, one of the main difficulties encountered when
observing δ Sct stars is the issue of identifying pulsation
modes in terms of their radial order, n, angular degree, `,
and azimuthal order, m. The typical low-order p modes in
δ Sct stars often do not show any regular spacing in the am-
plitude spectrum, unlike the asymptotic high radial order p
modes in low-mass solar-type stars — see Chaplin & Miglio
(2013) and Hekker & Christensen-Dalsgaard (2017) for re-
views of solar-like pulsators. The rapid rotation, mode vis-
ibility and our incomplete understanding of mode excita-
tion in δ Sct stars make them one of the more challenging
groups of pulsating stars to study using asteroseismology
(e.g., Reese et al. 2017). Despite these complexities, ongo-
ing efforts to apply ensemble asteroseismology techniques to
δ Sct stars are being made using similar methods to those
used to study low-mass stars (Garc´ıa Herna´ndez et al. 2009,
2013, 2015; Paparo´ et al. 2016; Michel et al. 2017).
Significant progress in understanding the physics of
δ Sct stars has been made since the space photometry revo-
lution facilitated by the CoRoT (Auvergne et al. 2009) and
Kepler (Borucki et al. 2010) space missions. The rich pulsa-
tion spectra of δ Sct stars offer the potential to probe physics
at different depths using asteroseismology, thus these stars
can provide useful constraints of stellar structure and evo-
lution theory in an important transition region on the main
sequence (Breger 2000b; Aerts et al. 2010). The full scien-
tific potential of studying pulsation modes in δ Sct stars with
asteroseismology in the era of space photometry has yet to
be exploited.
1.1 Regularities in the amplitude spectra of δ Sct
stars
It has been the goal of various studies to search for reg-
ularities in the amplitude spectra of δ Sct stars (e.g.,
Garc´ıa Herna´ndez et al. 2009, 2013, 2015; Paparo´ et al.
2016; Michel et al. 2017), with a particular focus of identify-
ing the asymptotic frequency separation between modes of
consecutive high radial order, known as the large frequency
separation ∆ν. However, δ Sct stars often have high mode
densities in their amplitude spectra caused by dozens, and
sometimes hundreds, of pulsation mode frequencies making
it difficult to distinguish intrinsic pulsation modes. This is
complicated by non-linearity of pulsation modes in δ Sct
stars in the form of harmonics, nνi , and combination fre-
quencies, nνi±mνj , where n and m take integer values (Pa´pics
2012; Kurtz et al. 2015; Bowman 2017). These non-linear
combination frequencies can have high Fourier amplitudes
but do not represent intrinsic pulsation modes since they
describe the non-sinusoidal shape of a star’s light curve in
the Fourier domain, and can also create regularities in an
amplitude spectrum (see chapter 6 from Bowman 2017).
Recently, Michel et al. (2017) searched for regularity
in the amplitude spectra of 1860 δ Sct stars observed
by CoRoT, using two observables which they termed fmin
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and fmax corresponding to the lower and upper limits
for significant frequencies in a star’s amplitude spectrum.
Michel et al. (2017) define significant frequencies as those
that have an amplitude larger than ten times the mean am-
plitude in an amplitude spectrum. A subsample of approx-
imately 250 of these stars were classified as young δ Sct
stars since they had high-frequency pulsation modes with
fmax ≥ 400 µHz (& 35 d−1), such that they were consis-
tent with theoretical modes of stars near the zero-age main
sequence (ZAMS). Michel et al. (2017) found an agreement
between the observed frequency distribution and the cor-
responding distribution caused by island modes from the-
oretical models using a non-perturbative treatment of fast
rotation (Reese et al. 2009). Specifically, regularities in the
amplitude spectra of these stars produced ridge-like struc-
tures with spacings of order a few tens of µHz (of order a
few d−1) consistent with consecutive radial order pulsation
modes. Thus, the observables fmin and fmax were concluded
to be potentially useful diagnostics to constrain the mass
and evolutionary stage of a δ Sct star (Michel et al. 2017).
The ensemble approach of studying pulsating stars
certainly has its advantages, especially for such di-
verse pulsators as δ Sct stars (Grigahce`ne et al. 2010;
Uytterhoeven et al. 2011; Balona & Dziembowski 2011;
Balona 2014; Bowman et al. 2016; Bowman 2017;
Michel et al. 2017). In this paper, the statistical prop-
erties of a large number of δ Sct stars observed by the
Kepler Space Telescope are investigated with a discussion
of the target selection methods provided in section 2, an
evaluation of the edges of the classical instability strip pre-
sented in section 3, an analysis of the correlations between
the pulsational and stellar parameters given in section 4,
and the results for a search for regularities in the amplitude
spectra given in section 5. Finally, the conclusions are
presented in section 6.
2 COMPILING ENSEMBLES OF Kepler δ Sct
STARS
The Kepler Space Telescope was launched on 2009 March 7
and has an Earth-trailing orbit with a period of 372.5 d
(Borucki et al. 2010). Within its 115 deg2 field of view in
the constellations of Cygnus and Lyra, it observed approxi-
mately 200 000 stars at photometric precision of order a few
µmag (Koch et al. 2010). To maximise its goal of finding
transiting Earth-like planets orbiting Sun-like stars, Kepler
had two observing modes: a long cadence (LC) of 29.45 min
and a short cadence (SC) of 58.5 s (Gilliland et al. 2010).
From the limited onboard data storage capacity, only 512
stars could be observed in SC at a given epoch. The Ke-
pler LC data were divided into quarters (from Q0 – Q17)
covering a maximum length of 1470.5 d, whereas SC data
were divided into 30-d segments, which was motivated by the
rolling of the Kepler spacecraft and data downlink epochs
approximately every 90 and 30 d, respectively. Kepler data
are available from the Mikulski Archive for Space Tele-
scopes (MAST1) in pre- and post-pipeline formats — see
Smith et al. (2012) and Stumpe et al. (2012) for details of
1 MAST website: http://archive.stsci.edu/kepler/
the Kepler science data pipeline. In this work, the post-
pipeline data, known as msMAP PDC data, are used.
Previously, a large ensemble of 983 δ Sct stars with LC
Kepler data was compiled by Bowman et al. (2016) to study
amplitude modulation of pulsation modes. Later, Bowman
(2016, 2017) used the same stars to investigate the relation-
ship between the pulsation and stellar parameters in δ Sct
stars. This ensemble of δ Sct stars was comprised of Kepler
stars characterised by 6400 ≤ Teff ≤ 10 000 K in the Kepler
Input Catalogue (KIC; Brown et al. 2011); were observed
continuously in LC by Kepler for 4 yr; and had significant
peaks in the p mode frequency range (ν ≥ 4 d−1) with am-
plitudes above 0.10 mmag. Although an amplitude cut-off
of 0.10 mmag is higher than the typical noise level observed
for Kepler data, it was chosen by Bowman et al. (2016) to
ensure that all extracted peaks had reasonable phase uncer-
tainties, as these are dependent on the amplitude signal-to-
noise (S/N) ratio (Montgomery & O’Donoghue 1999). The
KIC ID numbers and stellar parameters such as effective
temperature and surface gravity of these stars were provided
as supplementary online data in Bowman et al. (2016), with
a machine-readable table also available through CDS.
However, as discussed by Bowman (2016, 2017), this
ensemble of δ Sct stars using LC Kepler data suffers from
instrumental biases. Firstly, the Kepler wavelength pass-
band of 420 − 900 nm (Koch et al. 2010) was chosen to
maximise the goal of finding transiting exoplanets around
Sun-like stars. This leads to the pulsation mode ampli-
tudes of the early-type stars observed by the Kepler mis-
sion, including δ Sct stars, having lower pulsation mode
amplitudes when observed in the white-light Kepler pass-
band compared to bluer passbands such as Johnson B
(Bowman et al. 2015; Holdsworth et al. 2018). Furthermore,
the amplitude visibility function (which is termed apodiza-
tion by Hekker & Christensen-Dalsgaard 2017) is a strong
function of frequency, such that pulsation mode amplitudes
are heavily suppressed near integer multiples of the instru-
mental sampling frequency, which corresponds to 48.9 d−1
and 1476.9 d−1 for LC and SC Kepler data, respectively
(Bowman 2016, 2017). This amplitude visibility function is
given by:
A = A0 sinc
(
pi
n
)
= A0 sinc
(
piν
νsamp
)
, (1)
where A is the observed amplitude, A0 is the true amplitude,
n is the number of data points per pulsation cycle, ν is the
pulsation mode frequency and νsamp is the instrumental sam-
pling frequency. Thus, for example a hypothetical δ Sct star
that has a pulsation mode frequency of ν ' 40 d−1 and an in-
trinsic amplitude of 1 mmag would be observed with an am-
plitude of 0.2 mmag using LC Kepler data. This amplitude
suppression represents a noticeable bias towards extracting
low-frequency pulsation modes over high-frequency pulsa-
tion modes in any iterative pre-whitening procedure, and by
extension, a bias towards studying cool and/or evolved δ Sct
stars when using LC Kepler mission data (Bowman 2016,
2017). These selection effects are significant when compar-
ing results obtained with LC and SC Kepler data, especially
for asteroseismology of δ Sct stars as they pulsate with mode
frequencies that can span the Kepler LC sampling frequency.
To evaluate the impact of these biases in the LC Kepler
data for the analysis of δ Sct stars, specifically the ampli-
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tude visibility function suppressing high-frequency pulsation
modes, a second ensemble of δ Sct stars compiled using SC
Kepler data is also analysed independently in this work. The
δ Sct stars in the SC ensemble of stars were selected using
the same criteria as the LC ensemble, except no restriction
was placed on the length of the SC data. The ensembles of
SC and LC δ Sct stars have been filtered for known bina-
rity using the Villanova binary catalogue2 (Prsˇa et al. 2011;
Abdul-Masih et al. 2016). It is important to note that δ Sct
stars in eclipsing binaries and ellipsoidal variables have been
excluded from the ensembles presented in this work because
of the effects of contamination, which could significantly af-
fect the Teff determination using photometry such as those
included in the KIC (Brown et al. 2011).
These selection criteria produced a LC ensemble of 963
stars and a SC ensemble of 334 δ Sct stars. All stars in the
LC ensemble have continuous Kepler observations spanning
4 yr, but the δ Sct stars in the SC ensemble have total time
spans that range between 10 and 1470 d. The longest con-
tinuous light curve for each SC δ Sct star ranges between 10
and 1000 d, with approximately 50 per cent of stars having
only 30 d of Kepler SC data. There are 218 stars that are
duplicated in both ensembles, with 116 SC stars that are not
included in the LC ensemble. It is easy to understand why
additional SC δ Sct stars were not included in the LC ensem-
ble, in terms of amplitude suppression from the amplitude
visibility function given in Eqn. (1), and because SC observ-
ing slots were at a premium during the Kepler mission. The
duplicate stars are not removed from either ensemble, nor
are the ensembles combined as each ensemble suffers from
different biases which should not be compounded into un-
known biases.
2.1 Extracting δ Sct stellar parameters
The vast majority of the 200 000 Kepler target stars
were characterised with values of Teff and log g using griz
and 2MASS JHK broad-band photometry in the KIC
(Brown et al. 2011). This catalogue has since been revised
by Huber et al. (2014) with values of Teff being accurate in
a statistical sense for such a large number of stars.
High-resolution and high S/N spectroscopy using the
HERMES spectrograph mounted on the Mercator tele-
scope (Raskin et al. 2011) was obtained and analysed by
Niemczura et al. (2015) for 117 bright (V . 10 mag) A
and F stars observed by Kepler. Accurate values for fun-
damental stellar parameters including Teff , log g, rotational
and micro-turbulent velocities and their respective uncer-
tainties were determined for each star (Niemczura et al.
2015). An additional 44 A and F stars were also observed
using the FIES spectrograph mounted on the Nordic Op-
tical Telescope by Niemczura et al. (2017). Similar to the
analysis by Huber et al. (2014), a 200 K systematic offset
was found between the KIC and spectroscopic values of
Teff (Niemczura et al. 2015, 2017) for A and F stars. High-
resolution and high S/N spectroscopy of B, A and F stars
observed by Kepler was also obtained by Tkachenko et al.
2 an updated list of known Kepler eclipsing binary stars can be
found at: http://keplerebs.villanova.edu
(2012) and Tkachenko et al. (2013) using the 2-m telescope
of the Thu¨ringer Landessternwarte Tautenburg in Germany.
However, not all the stars studied by Niemczura et al.
(2015, 2017) and Tkachenko et al. (2012, 2013) are δ Sct
stars, but those that are represent a subset of δ Sct stars
for which accurate values of Teff and log g are known, with
uncertainties for an individual star typically between 100 ≤
σ (Teff ) ≤ 200 K and 0.1 ≤ σ (log g) ≤ 0.2 (cgs), respectively.
Only 58 and 70 stars studied by Tkachenko et al. (2012,
2013) and Niemczura et al. (2015, 2017) are included in the
LC and SC ensembles, respectively, but these stars are in-
cluded in this work to show compatibility with the KIC and
Huber et al. (2014) values.
2.2 Extracting δ Sct pulsation parameters
To characterise the pulsational properties for the δ Sct stars
in both ensembles, the amplitude spectrum for each star
was calculated from 0 ≤ ν ≤ 98 d−1, which has an upper
frequency limit corresponding to four times the LC Nyquist
frequency. The highest amplitude pulsation mode was ex-
tracted and optimised using a non-linear least-squares fit to
the light curve using the function ∆m = A cos(2piν(t−t0)+φ),
where A, ν and φ are the pulsation mode amplitude, fre-
quency and phase, respectively, calculated using the zero-
point of the time scale as t0 = 2 455 688.77 BJD. Each ex-
tracted pulsation mode frequency was checked to satisfy the
commonly-used significance criterion of S/N ≥ 4 in ampli-
tude (Breger et al. 1993) and that it did not correspond to
a known instrumental spurious frequency3. The amplitude
spectrum over a large frequency range for each star is useful
for studying regularities in δ Sct stars, which is discussed
later in section 5.
By not correcting the amplitude spectra for the δ Sct
stars in either ensemble for the amplitude visibility func-
tion given in Eqn. (1) prior to extracting pulsation mode
frequencies, it is ensured that the extracted peak is a pul-
sation mode frequency and not a Nyquist alias frequency,
since Nyquist aliases have lower observed amplitudes than
the corresponding real peaks (Murphy et al. 2013). Further-
more, this approach is to avoid dividing by zero for pulsa-
tion mode frequencies very close to the LC Kepler sampling
frequency, which would cause some δ Sct stars to have ex-
tremely large and unphysical pulsation mode amplitudes.
Instead, pulsation mode amplitudes are corrected for the
amplitude visibility function after they have been extracted
from an amplitude spectrum. The disadvantage of this ap-
proach is that the distribution of LC pulsation mode fre-
quencies will be biased towards, on average, lower values,
but this is a compromise that yields the most meaningful re-
sults. This also emphasises the need to keep both ensembles
of δ Sct stars separate in this analysis, since the amplitude
visibility function has a negligible effect for stars in the SC
Kepler ensemble.
3 Kepler data release notes: https://archive.stsci.edu/kepler/data release.html
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3 REVISITING THE EDGES OF THE
CLASSICAL INSTABILITY STRIP WITH
Kepler DATA
In this section, the observed boundaries of the classical
instability strip are evaluated using the high-quality pho-
tometry provided by the Kepler Space Telescope using the
two ensembles of δ Sct stars. Prior to space photometry
from CoRoT and Kepler, evolutionary and pulsation mod-
els of δ Sct stars were calibrated to catalogues of δ Sct
stars collated using ground-based observations, for exam-
ple, Rodr´ıguez & Breger (2001). Compared to space data,
ground-based observations have higher noise levels and suf-
fer from lower duty cycles and significant aliasing, which
introduces strong selection effects when studying pulsating
stars. These issues make it difficult to extract low-amplitude
pulsation modes and thus a δ Sct star may be classified as a
non-pulsating star from the ground if its pulsation mode
amplitudes are lower than the noise level. Typically, the
noise level in the amplitude spectrum of ground-based pho-
tometry is a few tenths of a mmag for a single observing
site (e.g., Bowman et al. 2015; Holdsworth et al. 2018, but
can be as low as tens of µmag in the best of circumstances
(Kurtz et al. 2005). With Kepler data, we are afforded the
luxury of 4 yr of continuous high-precision light curves re-
sulting in a white-noise level of order a few µmag in an
amplitude spectrum.
The distribution of the 963 LC and 334 SC δ Sct stars
in Teff − log g diagrams using values from the KIC are shown
in the top-left and top-right panels of Fig. 1, respectively.
The location of each δ Sct star is shown by a black cross,
with a typical error bar shown in bold in the bottom-right
corner of each panel. For comparison, the same ensembles
using the revised parameters from Huber et al. (2014) are
shown in bottom-left and bottom-right panels of Fig. 1 as
filled grey squares. Stellar evolutionary tracks using a metal-
licity of Z = 0.02 from Grigahce`ne et al. (2005), which are
calculated from the ZAMS (indicated by a short-dashed pur-
ple line) to a post-MS effective temperature of Teff = 5900 K,
for stars of 1.4, 1.8, 2.2 and 2.7 M are also shown in Fig. 1
as solid purple lines. The theoretical blue and red edges of
the classical instability strip from Dupret et al. (2005) for
radial p modes between 1 ≤ n ≤ 6 are shown as blue and
red lines, with solid and dashed lines indicating the bound-
aries for n = 1 and n = 6 radial modes, respectively. The
subgroup of δ Sct stars for which accurate spectroscopic val-
ues of Teff and log g from Tkachenko et al. (2012, 2013) and
Niemczura et al. (2015, 2017) are also plotted as filled green
circles in each panel with their respective 1-σ uncertainties
in Fig. 1.
The majority of δ Sct stars shown in Fig. 1 are schemati-
cally consistent with the theoretical blue and red edges of the
classical instability strip calculated by Dupret et al. (2005)
if the lower and upper bounds of the uncertainties on Teff
values are considered for hot and cool δ Sct stars, respec-
tively. However, there is no evidence to indicate that temper-
atures of hot and cool δ Sct stars would be over- and under-
estimated in such a systematic fashion. When comparing the
distribution of stars using the KIC and Huber et al. (2014)
values in Fig. 1, it is clear that the Huber et al. (2014) val-
ues are shifted to temperatures approximately 200 K higher.
However, this systematic increase in temperature of the
Huber et al. (2014) compared to the KIC values produces
more outliers beyond the blue edge. These outliers repre-
sent a small yet significant fraction of δ Sct stars in both
ensembles, which includes stars with accurate spectroscopic
Teff values obtained by Tkachenko et al. (2012, 2013) and
Niemczura et al. (2015, 2017), that are significantly hotter
than the blue edge for the n = 6 radial overtone p mode
calculated by Dupret et al. (2005).
Many of the δ Sct stars in Fig. 1 have surface gravi-
ties between 3.5 ≤ log g ≤ 4.0, except for those near to the
ZAMS and the red edge. Thus the middle of the main se-
quence and the Terminal Age Main Sequence (TAMS) are
well sampled compared to the ZAMS for hot δ Sct stars ob-
served by the Kepler Space Telescope. The high density of
δ Sct stars shown in the left panels of Fig. 1 that are near
the ZAMS and red edge of the theoretical instability strip
calculated by Dupret et al. (2005), implies that ZAMS stars
cooler than Teff ' 6900 K are able to pulsate in p modes.
Many of the outliers at the red edge of the classical insta-
bility strip can be explained as within 1σ of the classical in-
stability strip, but equally importantly, many of these δ Sct
stars are within 1σ of being cooler than the red edge. The
lack of δ Sct stars with spectroscopic effective temperatures
and surface gravities from Tkachenko et al. (2012, 2013) and
Niemczura et al. (2015, 2017) that are cooler than the red
edge is likely caused by a selection effect in these author’s
target lists.
A value of αMLT between 1.8 and 2.0 was determined to
produce a reasonably good agreement between the theoret-
ical models and observations of δ Sct stars by Dupret et al.
(2004, 2005). However, it should be noted that the highest
mass model used by Dupret et al. (2005) to investigate αMLT
was 1.8 M , but higher-mass δ Sct stars exist within the Ke-
pler data set, especially since stars with masses M > 2.7 M
are included in Fig. 1 and have been confirmed by spec-
troscopy. It was discussed in detail by Dupret et al. (2005)
that decreasing the value of αMLT to 1.0 has the effect of
shifting the instability strip to lower values of effective tem-
perature, and vice versa. Thus, a mass-dependent value of
αMLT is needed to reproduce both the observed blue and red
edges of the classical instability strip. It is important to note
that the observed boundaries of the classical instability strip
are purely empirical and are subsequently used to constrain
theoretical models. Furthermore, the observed edges using
ground-based observations of δ Sct stars, which span 7400 ≤
Teff ≤ 8600 K at log g ' 4.4 (Rodr´ıguez & Breger 2001;
Bowman 2017), are narrower than the theoretical bound-
aries shown in Fig. 1. Clearly, the theoretical red edge of the
classical instability strip is more difficult to model compared
to the blue edge because of the complex interaction of surface
convection and the κ mechanism in cool δ Sct stars, with the
convective envelope predicted to effectively damp pulsations
in stars cooler than the red edge (Pamyatnykh 1999, 2000;
Dupret et al. 2004, 2005; Houdek & Dupret 2015). These re-
sults indicate that further theoretical work is needed in un-
derstanding mode excitation in δ Sct stars, specifically those
pulsating in higher radial orders (n ≥ 6), and the large tem-
perature range of observed δ Sct stars.
In summary, it is concluded that a statistically non-
negligible fraction of δ Sct stars are located cooler than the
red edge and hotter than the blue edge of the classical insta-
bility strip calculated by Dupret et al. (2005), as shown in
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Figure 1. The Teff − log g diagrams for the ensemble of LC and SC δ Sct stars observed by Kepler are shown in the left and right panels,
respectively. The locations of δ Sct stars using parameters from the KIC are shown by black crosses in the top row, and Huber et al.
(2014) values are shown as grey squares in the bottom row, with a typical error bar shown in bold in the bottom-right corner of each
panel. Stellar evolutionary tracks using a metallicity of Z = 0.02 from Grigahce`ne et al. (2005) calculated between the ZAMS (shown as
a short-dashed purple line) and a post main sequence effective temperature of Teff = 5900 K are shown as solid purple lines. The subgroup
of δ Sct stars with spectroscopic values of Teff and log g from Tkachenko et al. (2012, 2013) and Niemczura et al. (2015, 2017) are plotted
as filled green circles. The theoretical blue and red edges of the classical instability strip from Dupret et al. (2005) for p modes with
radial order of n = 1 are shown as solid blue and red lines, respectively, and radial order of n = 6 shown as dashed blue and red lines,
respectively.
Fig. 1. A plausible explanation for the minority of δ Sct stars
located outside of the classical instability strip using the KIC
and Huber et al. (2014) values are that they have incorrect
Teff and log g values, since these were determined using pho-
tometry, but outliers do exist with some stars having stellar
parameters confirmed using spectroscopy. Therefore, these
results demonstrate the need for a mass-dependent value of
αMLT to reproduce all of the δ Sct stars observed by the
Kepler Space Telescope. The δ Sct stars that lie outside the
classical instability strip will be interesting to study further,
as they lie in a region where the excitation of low-radial or-
der p modes by the κ mechanism is not expected to occur
(Pamyatnykh 1999, 2000; Dupret et al. 2004, 2005).
4 CHARACTERISING THE PULSATION
PROPERTIES OF δ Sct STARS OBSERVED
BY Kepler
In this section, correlations between the pulsation proper-
ties and stellar parameters of δ Sct stars are investigated
using the LC and SC ensembles. The pulsation properties
of δ Sct stars are diverse and, upon first inspection, little
commonality is often found when comparing the amplitude
spectra of individual δ Sct stars in terms of the number of
excited pulsation modes, their amplitudes and the observed
frequency range. Since the number of significant pulsation
modes in δ Sct stars ranges from as small as a single mode4
to hundreds, it is difficult to characterise and compare the
total pulsation energy in a systematic way for an ensem-
ble of stars (Bowman 2016). This is complicated by the
fact that the majority of δ Sct stars have variable pulsa-
tion mode amplitudes, with the total observable pulsational
budget being unconserved on time scales of order a few years
(Bowman & Kurtz 2014; Bowman et al. 2016). Also, in a
classical pre-whitening procedure, it is important to exclude
harmonics and combination frequencies when quoting the
range of observed pulsation mode frequencies as these fre-
4 Examples of mono-periodic δ Sct stars include KIC 5989856,
KIC 8196006, KIC 8196381 and KIC 11509728, which were iden-
tified by Bowman et al. (2016) as having only a single significant
pulsation mode in the p mode frequency range.
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Figure 2. The distributions of the highest amplitude (i.e., dom-
inant) pulsation mode for the ensemble of 963 LC and 334 SC
δ Sct stars are shown in the top and bottom panels, respec-
tively. The black and red regions represent the stars for which
the dominant pulsation mode is in the p-mode (ν ≥ 4 d−1) or
g-mode (ν < 4 d−1) frequency regimes, respectively. The filled
regions represent the extracted pulsation mode amplitudes, with
the hatched regions of the same colour representing each distri-
bution after being corrected for the amplitude visibility function
given in Eqn. (1).
quencies are caused by the non-linear character of the pul-
sation modes and do not represent independent pulsation
mode frequencies (Pa´pics 2012; Kurtz et al. 2015; Bowman
2017).
4.1 Pulsation mode amplitudes
Amongst the δ Sct stars, a subgroup of high-amplitude
δ Sct (HADS) stars exists, which were originally defined by
McNamara (2000) as δ Sct stars with peak-to-peak light am-
plitudes exceeding 0.3 mag. HADS stars are also typically
slowly-rotating (v sin i . 40 km s−1) and pulsate in the fun-
damental and/or first-overtone radial modes. These stars are
known to be rare, making up less than one per cent of pul-
sating stars within the classical instability strip (Lee et al.
2008), but the physical cause of their differences to typi-
cal δ Sct stars remains unestablished, if any exists (Balona
2016).
To demonstrate the rarity of HADS stars in the Ke-
pler mission data and examine the typical pulsation mode
amplitudes in δ Sct stars, the (logarithmic) distributions of
the amplitude of the highest amplitude pulsation mode for
the LC and SC ensembles are shown in the top and bottom
panels of Fig. 2, respectively. In each panel of Fig. 2, the
amplitudes of the dominant pulsation modes have been ap-
proximately separated into p modes (ν ≥ 4 d−1) and g modes
(ν < 4 d−1), and are showed as the filled grey and red areas
respectively. It is possible for g-mode frequencies and combi-
nation frequencies of g modes to exceed 4 d−1, but typically
they have lower amplitudes and do not represent the domi-
nant pulsation mode in a star. Each amplitude is corrected
for the amplitude visibility function given in Eqn. 1, with the
corrected distributions for p and g modes shown as the black-
and red-hatched regions, respectively. As expected, the am-
plitude visibility function has a negligible effect on the SC
ensemble. By separating δ Sct stars into if their dominant
pulsation mode corresponds to a g- or p-mode, it is demon-
strated that a non-negligible fraction, more than 15 per cent,
of δ Sct stars have their highest-amplitude pulsation mode
in the g-mode frequency range. We also investigated using
a value of 7 d−1 to separate g-mode and p-mode dominated
δ Sct stars, which yielded similar results with a difference of
order a few per cent.
From inspection of Fig. 2, the amplitude of the dom-
inant pulsation mode in a δ Sct star typically lies in be-
tween 0.5 and 10 mmag. In each panel, a tail extending
from moderate (A ' 10 mmag) to high pulsation mode am-
plitudes (A ' 100 mmag) can be seen, which is caused by a
small number of HADS stars in each ensemble. Since the SC
ensemble contains all δ Sct stars irrespective of the length
of data available, coupled with insignificant amplitude sup-
pression described by the amplitude visibility function in
Eqn. (1), this demonstrates the intrinsic scarcity of HADS
stars in the Kepler data set (Lee et al. 2008; Balona 2016;
Bowman 2017).
It is known that the majority of δ Sct stars ex-
hibit amplitude modulation over the 4-yr Kepler data set
(Bowman et al. 2016; Bowman 2016), so it could be argued
that a different dominant pulsation mode for each δ Sct star
could be extracted when using different subsets of Kepler
data. However, the amplitude distribution of δ Sct stars
would largely remain similar. This can be understood by
comparing the top and bottom panels of Fig. 2, calculated
using LC and SC Kepler data, respectively. The SC obser-
vations of δ Sct stars are randomly distributed throughout
the 4-yr Kepler mission, but the distributions in Fig. 2 have
similar median and FWHM values. This demonstrates that
the pulsation properties of an ensemble of δ Sct stars are
less time-dependent than the pulsation properties of an in-
dividual δ Sct star.
4.2 Pulsation and Effective Temperature
A semi-empirical relationship exists between the effective
temperature and the observed pulsation mode frequencies
in a δ Sct star, which is caused by the depth of the
He ii driving region in the stellar envelope being a func-
tion of Teff (Christensen-Dalsgaard 2000; Aerts et al. 2010).
A ZAMS δ Sct star near the blue edge of the classical in-
stability strip is expected to pulsate in higher radial over-
tone modes leading to higher observed pulsation mode fre-
quencies compared to a ZAMS δ Sct star near the red
edge of the classical instability strip (Pamyatnykh 1999,
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2000; Dupret et al. 2004, 2005). This relationship between
effective temperature and pulsation mode frequencies in
δ Sct stars has been previously been demonstrated us-
ing ground-based observations (see e.g., Breger & Bregman
1975; Breger 2000b; Rodr´ıguez & Breger 2001). Observa-
tionally, the blue and red edges are known for ground-based
data (Rodr´ıguez & Breger 2001), but the situation becomes
less clear when the criterion of S/N ≥ 4 is applied to a data
set with a noise level of order a few µmag such as Kepler
mission data, as demonstrated in section 3.
The frequency of the dominant pulsation mode in each
δ Sct star in the LC and SC ensembles are shown in the left
and right columns of Fig. 3, respectively. In the top row, the
distributions of the dominant pulsation mode frequency are
shown by the black region, with the subgroup of stars stud-
ied by Tkachenko et al. (2012, 2013) and Niemczura et al.
(2015, 2017) shown as the green-hatched region for compar-
ison. Although the LC ensemble suffers from a bias caused
by the amplitude visibility function, a dearth of δ Sct stars
with pulsation mode frequencies above 60 d−1 exists in both
ensembles, such that 0 < ν ≤ 60 d−1 can be considered the
typical frequency range of pulsation modes of δ Sct stars in
the Kepler data set. These results are not necessarily repre-
sentative of all δ Sct stars since the TAMS is better sampled
compared to the ZAMS in the Kepler data set, with more-
evolved δ Sct stars expected to have lower pulsation mode
frequencies. The frequency of the dominant pulsation mode
does not exceed 60 d−1 in any δ Sct star in either ensemble,
which is in agreement with the expectations from theoretical
models of main sequence δ Sct stars near the blue edge of
the classical instability strip (Pamyatnykh 1999, 2000).
The frequency of the highest amplitude pulsation mode
is plotted against Teff for the ensemble of 963 LC and 334
SC δ Sct stars in the middle row of Fig. 3, in which the
KIC parameters, the revised Huber et al. (2014) parame-
ters and the subgroup of stars studied by Tkachenko et al.
(2012, 2013) and Niemczura et al. (2015, 2017) are shown
as black crosses, grey squares and green circles, respectively.
Statistically significant linear regressions are also shown as
solid lines, with the gradient, m, intercept, c, coefficient of
correlation, R, and p-value obtained from a t-test for each
data set given in Table 1. Linear regressions of the frequency
of maximum amplitude and effective temperature using ei-
ther the KIC or Huber et al. (2014) values yield statistically-
significant positive correlations with R ' 0.2 and R ' 0.3 for
the LC and SC ensembles, respectively. The amplitude sup-
pression of high frequency pulsation modes in LC Kepler
data explains the weaker correlation between pulsation and
effective temperature found in the LC ensemble compared to
the SC ensemble, since few δ Sct stars with pulsation mode
frequencies above 40 d−1 are included. On the other hand,
statistically-significant correlations between pulsation and
effective temperature for stars in the spectroscopic subgroup
were not found. From the relatively large p-values calculated
from the linear regression in the spectroscopic subgroup, we
cannot claim that the positive correlation found between ef-
fective temperature and frequency of the highest-amplitude
pulsation mode is statistically significant. With few δ Sct
stars available with high-resolution spectroscopy, more are
needed to investigate this relationship further.
However, it is important to distinguish that the expec-
tation of hotter δ Sct stars having higher pulsation mode
frequencies is predicted for ZAMS stars, with the relation-
ship breaking down for TAMS and post-main sequence δ Sct
stars. As for any star, the frequencies of its pulsation modes
decrease, albeit slowly, during the main sequence because of
the increase in stellar radius. This creates a degeneracy when
studying an ensemble of stars, with pulsation mode frequen-
cies expected to be correlated with Teff but also correlated
with log g (i.e., inversely with age on the main sequence).
In practice, the sensible approach is to test the relationship
between the frequency of the dominant pulsation mode and
effective temperature for different groups of stars based on
their log g value. This is shown in the bottom row of Fig. 3
for stars in the LC and SC ensembles that have grouped
into log g ≥ 4.0 (ZAMS), 3.5 ≤ log g < 4.0 (Mid-Age Main
Sequence; MAMS) and log g < 3.5 (TAMS) using their KIC
parameters.
Linear regressions for each of these log g subgroups for
the KIC and Huber et al. (2014) values are also included in
Table 1, which demonstrate the need to differentiate ZAMS
and TAMS stars when studying the pulsational properties
of δ Sct stars. For example, as shown in Fig. 3 and given in
Table 1, ZAMS stars in the LC and SC ensembles show a
statistically-significant positive correlation between effective
temperature and frequency of the highest-amplitude pulsa-
tion, with values of R ' 0.3 and R ' 0.5, respectively. As
discussed previously, the lack of high-frequency pulsators in
the LC ensemble explains the difference in these two values.
Conversely, no statistically-significant correlation was found
for TAMS δ Sct stars in either the LC or SC ensembles.
Linear regressions for subgroups based on log g for
the δ Sct stars with spectroscopic parameters from
Tkachenko et al. (2012, 2013) and Niemczura et al. (2015,
2017) do not provide reliable results because most of these
stars have surface gravities between 3.5 ≤ log g ≤ 4.0, and
because no significant correlation was found for the subgroup
as a whole. Clearly, the ZAMS δ Sct stars, shown in blue in
the bottom row of Fig. 3, have the strongest statistical cor-
relation between Teff and frequency of maximum amplitude
with R ' 0.5, which is in agreement with theoretical models
and previous observations (Pamyatnykh 1999, 2000; Breger
2000b; Rodr´ıguez & Breger 2001; Dupret et al. 2004, 2005;
Houdek & Dupret 2015).
4.3 Low-frequency variability in δ Sct stars
The incidence of g modes in stars that exceed Teff &
8000 K, especially those with accurate stellar parameters
obtained from high-resolution spectroscopy, are interesting
cases. These stars are significantly hotter than typical γ Dor
stars observed by Kepler, with effective temperatures of
γ Dor stars determined using high-resolution spectroscopy
typically between 6900 ≤ Teff ≤ 7400 K (Tkachenko et al.
2013; Van Reeth et al. 2015b). The excitation of g modes
in δ Sct stars that are located hotter than the blue edge
of the γ Dor instability region warrants further study, with
such stars found in both LC and SC ensembles. These hot,
low-frequency pulsators can be clearly seen in each panel
of Fig. 3, in which a non-negligible fraction of stars (origi-
nally chosen because they contain only p modes, or p and
g modes) have their dominant pulsation mode in the g mode
frequency regime.
A distinct bi-modality is present in the top-left panel
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Figure 3. The top row shows the distribution of the frequency of maximum amplitude shown as the black region, with the subgroup
of stars studied by Tkachenko et al. (2012, 2013) and Niemczura et al. (2015, 2017) plotted as the green-hatched area. The middle row
shows the frequency of maximum amplitude versus the effective temperature, using the KIC, Huber et al. (2014) and spectroscopic values
from Tkachenko et al. (2012, 2013) and Niemczura et al. (2015, 2017) as black crosses, grey squares and green circles, respectively, with
statistically-significant linear regressions shown as solid lines. The bottom shows the same relationship as the middle row, but for only
the KIC stars that have grouped based on their log g value into bins of log g ≥ 4.0 (ZAMS), 3.5 ≤ log g < 4.0 (MAMS) and log g < 3.5
(TAMS). For all rows, the left and right hand plots correspond to the LC and SC ensembles, respectively, which have been plotted using
the same ordinate and abscissa scales for comparison.
of Fig. 3 with a minimum in the distribution at a frequency
of approximately 7 d−1. This minimum in the distribution
corresponds to the approximate upper limit of g-mode pulsa-
tion frequencies in fast-rotating stars (Bouabid et al. 2013;
Van Reeth et al. 2016; Aerts et al. 2017b) and an approxi-
mate lower limit of p-mode pulsation frequencies, although
overlap of g and p-modes and their combination frequen-
cies is expected between 4 ≤ ν ≤ 7 d−1. Therefore, the stars
with the dominant pulsation mode in the g-mode frequency-
regime shown in Fig. 3 represent hybrid stars in which the
dominant pulsation mode corresponds to a g mode. However,
it remains unclear how or why there should be a significant
difference, if any, in the respective amplitudes of the p and
g modes in a δ Sct star, with all stars in both ensembles
selected to contain at least p modes.
The Kepler mission data have proven extremely use-
ful for studying the interior physics of intermediate-mass
stars, specifically concerning measurements of radial rota-
tion and angular momentum transport (Aerts et al. 2017b).
The first examples of hybrid main sequence A and F stars
with measured interior rotation were by Kurtz et al. (2014)
and Saio et al. (2015), and exemplify the power of astero-
seismology when applied to hybrid stars such that model-
independent measurements of rotation inside stars can be
made. To date, a few dozen intermediate-mass main se-
quence stars have been found to be almost rigidly ro-
tating or have weak differential rotation (Degroote et al.
2010; Kurtz et al. 2014; Pa´pics et al. 2014; Saio et al. 2015;
Van Reeth et al. 2015a; Triana et al. 2015; Murphy et al.
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Table 1. Statistics for linear regressions of the frequency of maximum amplitude and effective temperature for the δ Sct stars in this paper,
using KIC values (Brown et al. 2011), the revised KIC values from Huber et al. (2014) and spectroscopic values from Tkachenko et al.
(2012, 2013) and Niemczura et al. (2015, 2017). The column headers include the number of stars, Nstars, the gradient, m, the ordinate-axis
intercept of the linear fit, c, the coefficient of correlation, R and the corresponding p-value (obtained from a t-test). Separate regressions
for the log g subgroups are given for KIC and Huber et al. (2014) values.
Long Cadence (LC) ensemble Short Cadence (SC) ensemble
Nstars m c R p-value Nstars m c R p-value
(K / d−1) (K) (K / d−1) (K)
KIC
All 963 12.8 ± 2.0 7195 ± 17 0.20 < 0.0001 334 14.1 ± 2.2 7229 ± 21 0.33 < 0.0001
ZAMS (log g ≥ 4.0) 421 15.6 ± 3.0 6972 ± 16 0.24 < 0.0001 89 22.7 ± 4.0 6819 ± 21 0.52 < 0.0001
MAMS (3.5 ≤ log g < 4.0) 494 9.8 ± 2.5 7396 ± 17 0.17 0.0001 221 11.4 ± 2.5 7375 ± 22 0.29 < 0.0001
TAMS (log g < 3.5) 48 −7.7 ± 9.9 7404 ± 14 -0.11 0.4438 24 2.3 ± 11.5 7442 ± 14 0.04 0.8460
Revised KIC
All 963 12.1 ± 2.0 7424 ± 17 0.19 < 0.0001 329 14.8 ± 2.2 7404 ± 21 0.34 < 0.0001
ZAMS (log g ≥ 4.0) 423 15.5 ± 2.9 7215 ± 17 0.25 < 0.0001 85 23.0 ± 4.2 7027 ± 21 0.52 < 0.0001
MAMS (3.5 ≤ log g < 4.0) 506 9.1 ± 2.6 7606 ± 17 0.16 0.0004 224 13.1 ± 2.5 7512 ± 21 0.33 < 0.0001
TAMS (log g < 3.5) 34 −0.5 ± 12.9 7525 ± 15 -0.01 0.9710 20 4.6 ± 12.2 7662 ± 17 0.09 0.7114
Spectroscopy
All 58 11.4 ± 6.7 7515 ± 17 0.22 0.0947 70 6.2 ± 4.4 7625 ± 21 0.17 0.1584
2016; Ouazzani et al. 2017; Pa´pics et al. 2017; Zwintz et al.
2017; Van Reeth et al. 2018).
The full asteroseismic potential of studying the hy-
brid stars using the high-quality Kepler data has yet to be
exploited. For example, the observed power excess at low
frequencies in γ Dor stars has recently been interpreted
as Rossby modes, which further inform our understand-
ing of rotation (Van Reeth et al. 2016; Saio et al. 2018).
Furthermore, expanding the systematic search for period
spacing patterns beyond the γ Dor stars to the hybrid
stars has the prospect of extending the studies of rota-
tion and angular momentum transport to higher masses
and fill the gap between the published cases of B and
F stars in the literature. The hybrid stars in the LC en-
semble have the necessary data quality to extract, iden-
tify and model g and p modes which provide valuable
physical constraints of the near-core and near-surface re-
gions within a star, respectively, with more observational
studies of intermediate- and high-mass stars needed to ad-
dress the large shortcomings in the theory of angular mo-
mentum transport when comparing observations of main
sequence and evolved stars (Tayar & Pinsonneault 2013;
Cantiello et al. 2014; Eggenberger et al. 2017; Aerts et al.
2017b).
The study of angular momentum transport in stars has
revealed that Internal Gravity Waves (IGWs) stochastically-
driven in stars with convective cores can explain the ob-
served near-rigid rotation profiles in intermediate-mass stars
(Rogers et al. 2013; Rogers 2015). The detection of IGWs
can be inferred by the power-excess at low frequencies in
a star’s amplitude spectrum. The few observational detec-
tions of IGWs in the literature have been for massive stars
of spectral type O, and were made by matching the observed
morphology of the low-frequency power excess with that pre-
dicted by state-of-the-art simulations of IGWs (Rogers et al.
2013; Rogers 2015; Aerts & Rogers 2015; Aerts et al. 2017a,
2018; Simo´n-Dı´az et al. 2017). Any star with a convective
core is predicted to excite IGWs, thus the ensemble of δ Sct
stars presented in this work may contain observational sig-
natures of IGWs (e.g., Tkachenko et al. 2014), and warrant
further study.
The Kepler data set will remain unchallenged for the
foreseeable future for studying δ Sct stars because of its total
length, duty cycle and photometric precision. Furthermore,
it represents a homogeneous data set for detections of IGWs
and the study of mixing and angular momentum transport
in intermediate-mass A and F stars.
4.4 Pulsation within the Classical Instability Strip
The relationships between pulsation mode frequencies and
effective temperature and evolutionary stage (i.e., log g) are
degenerate, with pulsation mode frequencies predicted and
observed to be correlated with both effective temperature
and surface gravity. Therefore, using a Teff − log g diagram is
a sensible way to investigate these correlations further. The
LC and SC ensembles of δ Sct stars are once again plotted in
Teff − log g diagrams in the left and right columns of Fig. 4,
respectively, using the KIC parameters for each star. How-
ever, unlike the previous diagrams (shown in Fig. 1), each
star in Fig. 4 is plotted as a filled circle that has been colour-
coded by the frequency of its highest-amplitude pulsation
mode in the top row, and colour-coded by the amplitude of
its highest-amplitude pulsation mode in the bottom row.
In each panel in Fig. 4, contour lines corresponding to
the 10th, 50th and 90th percentiles of the normalised proba-
bility density after applying a Gaussian kernel to the distri-
bution of stars are shown for three subgroups of stars that
fall into three parts of the colour bar scale. For example,
the density maxima in the top-right panel of Fig. 4 corre-
spond to approximate Teff values of 7000 K, 7500 K and
8000 K for the 0 < νmax < 20 d−1, 20 ≤ νmax < 40 d−1 and
νmax ≥ 40 d−1 subgroups, respectively. Note that since there
are so few high-frequency pulsators in the LC ensemble, only
two sets of contours are shown in the top-left panel of Fig. 4.
For the maximum amplitude distributions shown in the bot-
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Figure 4. The left and right columns correspond to the LC and SC ensembles of δ Sct stars, respectively. The top row shows the
location of each δ Sct in a Teff − log g diagram using the KIC parameters, with each star’s location colour-coded by the frequency of the
highest-amplitude pulsation mode. Similarly, the bottom row is colour-coded by the amplitude of the highest-amplitude pulsation mode
using a logarithmic colour-bar scale. The same stellar evolutionary tracks, ZAMS line, typical KIC error bar and theoretical edges of
the classical instability strip as in Fig. 1 are also shown. In each panel, density contours are plotted for the stars contained within three
parts of the shown colour bar scale.
tom row of Fig. 4, the three sets of contours correspond to
log10(Amax) ≤ 0, 0 < log10(Amax) < 1 and log10(Amax) ≥ 1.
The choice of these subgroups is somewhat arbitrary, but
they demonstrate the average trends in each panel and help
to guide the eye compared to the distribution using individ-
ual stars.
As expected and demonstrated using a subsample of
ZAMS stars (log g > 4.0) in Fig. 3, the δ Sct stars with
higher pulsation mode frequencies show higher effective tem-
peratures and are found closer to the blue edge of the classi-
cal instability strip. The same relationship between effective
temperature and pulsation mode frequencies can be seen in
the top row of Fig. 4, with high-frequency δ Sct stars (shown
in dark purple) being typically located nearer the blue edge
of the classical instability strip. The situation is somewhat
less clear when studying the relationship between the am-
plitude of the dominant pulsation mode and location in the
Teff − log g, which is shown in the bottom row of Fig. 4. In
the LC ensemble, the highest-amplitude pulsators (shown in
dark purple) are more centrally located in the classical in-
stability strip, whereas the high-amplitude pulsators in the
SC ensemble are located closer to the blue edge, but this
discrepancy is likely caused by so few high-amplitude stars
in each ensemble. It has been previously demonstrated using
ground-based observations that HADS stars are often found
in the centre of the classical instability strip (McNamara
2000; Breger 2000b), but with so few HADS stars in the Ke-
pler data set and the uncertainties in Teff and log g values,
it is difficult to make any meaningful conclusions.
It should be noted that these results may not be com-
pletely representative of all δ Sct stars, as only a single pulsa-
tion mode frequency was used to characterise each star. This
in turn may explain the lack of significant correlation found
between the frequency of maximum amplitude, νmax, and
effective temperature for all subgroups except ZAMS stars,
as described by the results in Table 1. Using space-based
observations such as those from Kepler, many δ Sct stars
have a large range of pulsation mode frequencies with small
amplitudes. The density and range of the observed pulsa-
tion mode frequencies are not accounted for when extracting
only a single pulsation mode — this is explored in more de-
tail in section 5. Nonetheless, the high-frequency δ Sct stars
are typically located nearer the blue edge of the instability
strip as shown in Fig. 4, which is in agreement with theo-
retical predictions and previous observations of δ Sct stars
(Breger & Bregman 1975; Pamyatnykh 1999, 2000; Breger
2000b; Rodr´ıguez & Breger 2001). An interesting result from
this analysis is that δ Sct stars across the instability strip are
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able to pulsate in low and high pulsation mode frequencies,
with no obvious explanation for which pulsation modes are
excited in δ Sct stars. Further observational and theoretical
study of this is needed, as it will provide constrains of mode
selection mechanism(s) at work in these stars.
4.5 Pulsation and rotation
The effects of rotation modify the pulsation mode frequen-
cies of a star by lifting the degeneracy of non-radial modes
into their 2` + 1 components (Aerts et al. 2010), which
are observed as multiplets in a star’s amplitude spectrum.
The splitting of these component frequencies is significantly
asymmetric for moderate and fast rotating stars, with the
Coriolis force acting against the direction of rotation and
affects prograde and retrograde pulsation modes differently
(Aerts et al. 2010). For a star with numerous non-radial pul-
sation modes, as is the case for numerous δ Sct stars, the
effects of rotation act to increase the observed range of fre-
quencies in an amplitude spectrum (see e.g., Breger et al.
2012). However, there is no expectation for the dominant
pulsation mode frequency and/or amplitude of a δ Sct star
to be correlated with rotation.
In Fig. 5, the subgroups of LC and SC δ Sct stars that
have stellar parameters from Tkachenko et al. (2012, 2013)
and Niemczura et al. (2015, 2017) are shown in Teff − log g
diagrams in the left and right panels, respectively. The top
row shows the location of each star in a Teff − log g dia-
gram with each star shown as a filled circle colour-coded
by v sin i determined from spectroscopy. There is no clear
correlation amongst effective temperature, surface gravity
and rotation, with slow and fast rotators found across the
classical instability strip. Of course, since the spectroscopic
values of v sin i are projected surface rotational velocities,
they represent lower limits of the true rotation of the stars
shown in Fig. 5.
In the bottom row of Fig. 5, the relationship between the
frequency and amplitude of the dominant pulsation mode
is shown, with each star colour-coded by v sin i. This figure
supports the findings of Breger (2000a) that δ Sct stars with
high pulsation mode amplitudes are typically slow rotators
(v sin i . 50 km s−1), but clearly not all slowly rotating δ Sct
stars have high pulsation mode amplitudes. However, the
lack of any significant correlation in the panels of Fig. 5 is
not surprising with so few δ Sct stars having been observed
with high-resolution spectroscopy.
5 REGULARITIES IN THE AMPLITUDE
SPECTRA OF δ Sct STAR STARS
In this section, a similar methodology as that employed by
Michel et al. (2017), who searched for regularities in the am-
plitude spectra of approximately 1800 δ Sct stars observed
by CoRoT, is applied to the SC ensemble of δ Sct stars pre-
sented in this work. It is not informative to perform this
analysis using the LC ensemble of δ Sct stars because of
the significantly longer integration times of LC Kepler data
suppressing high-frequency signals. Consequently, few δ Sct
stars exist in the LC ensemble that satisfy the required se-
lection criteria of having high-frequency pulsation modes —
i.e., young δ Sct stars. The SC Kepler data were not ob-
tained using as short a cadence as the CoRoT data, but it is
still significantly higher than the pulsation mode frequencies
in δ Sct stars.
Following Michel et al. (2017), an amplitude signifi-
cance criterion was chosen as ten times the mean ampli-
tude in each star’s amplitude spectrum, with the frequency
range of νhigh and νlow calculated as the frequency of the
highest- and lowest-amplitude peaks that satisfied the am-
plitude significance criteria for frequencies above ν ≥ 4 d−1
(& 50 µHz). This minimum in frequency is approximately
twice the value chosen by Michel et al. (2017), but we use
4 d−1 in this study to reduce the chance that the extracted
values of νlow represent g-mode pulsation frequencies. Each
star’s amplitude spectrum was interpolated onto a frequency
resolution of 0.05 d−1 using the maximum amplitude value
of each bin in the original spectrum. This downgrades each
amplitude spectrum to the approximate Rayleigh resolution
criterion for a data set of approximately 20 d in length,
but preserves the amplitude content from the original high-
resolution and oversampled Fourier transform. This step is
necessary to produce a figure with structure that can be re-
solved by the human eye. Also, it has the added advantage
of homogenising the amplitude spectra in the SC ensem-
ble irrespective of data set length. The modified amplitude
spectra, shown between 0 < ν < 90 d−1, are stacked in order
of increasing effective temperature using KIC values and are
shown in Fig. 6. In this figure, solid red lines are used to indi-
cate a moving average of the observables νlow and νhigh along
the star number ordinate axis. The stacked amplitude spec-
tra show an increase in the frequencies of pulsation modes
for increasing Teff , but also show an increase in the range of
observed pulsation mode frequencies for hotter δ Sct stars.
Therefore, not only does the frequency of maximum am-
plitude, νmax, increase with increasing Teff , but so do the
observables νlow and νhigh.
The distribution of the νhigh and νlow values for each star
in the SC ensemble is shown in Fig. 7, with each star shown
as a filled circle colour-coded by the amplitude of the domi-
nant pulsation mode. Using the same criteria as Michel et al.
(2017), a subsample of young δ Sct stars was created by in-
cluding the δ Sct stars with νhigh ≥ 35 d−1 (& 400 µHz) and
the ratio of the highest and lowest frequency in each star sat-
isfying (νhigh/νlow) < 4.5. These selection criteria are shown
graphically by the individual solid black lines in Fig. 7, with
the enclosed grey region indicating the subsample of young
δ Sct stars. This subgroup contains 60 δ Sct stars, which
is noticeably fewer than the ∼250 CoRoT stars presented
by Michel et al. (2017). To include more young stars using
the SC Kepler data, the νhigh restriction would have to be
relaxed substantially below 35 d−1, but this boundary is
motivated by theoretical models of pulsation mode frequen-
cies in young δ Sct stars being above 35 d−1 and changing
this criterion removes the compatibility with the analysis by
Michel et al. (2017).
The stacked amplitude spectra of this subgroup of
young δ Sct stars using SC Kepler data are plotted in the
top panel of Fig. 8 in order of ascending values of νhigh. The
high-frequency ridges observed in the amplitude spectra of
young δ Sct stars studied by Michel et al. (2017) were shown
to be consistent with axisymmetric island modes using the-
oretical models of fast rotating stars (Reese et al. 2009). To
Downloaded from https://academic.oup.com/mnras/advance-article-abstract/doi/10.1093/mnras/sty449/4893728
by University of Central Lancashire user
on 26 February 2018
Characterising Kepler δ Sct stars 13
Figure 5. The left and right columns correspond to the LC and SC ensembles of δ Sct stars, respectively, for which spectroscopic values
of Teff , log g and v sin i are available. The top row shows the location of each δ Sct in a Teff − log g diagram using spectroscopic values
from Tkachenko et al. (2012, 2013) and Niemczura et al. (2015, 2017), with each star’s location colour-coded by v sin i. The same stellar
evolutionary tracks, ZAMS line and theoretical edges of the classical instability strip as in Fig. 1 are also shown in the top row. The
bottom row shows the relationship between the frequency and amplitude of the dominant pulsation mode colour-coded by v sin i.
Figure 6. The stacked amplitude spectra for the ensemble of SC δ Sct stars in order of increasing Teff using KIC values in an upwards
direction, with the red lines indicating a moving average of the νlow and νhigh values along the star number ordinate axis. Indicative
effective temperature values are also included on the ordinate axis to demonstrate how νlow and νhigh vary with Teff .
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Figure 7. The distribution of lowest and highest frequencies of
peaks with amplitudes greater than ten times the mean amplitude
in the amplitude spectrum above ν ≥ 4 d−1 for the ensemble of
SC δ Sct stars. Each star has been colour-coded by the amplitude
of the highest-amplitude peak in the amplitude spectrum and the
grey region denotes the subsample of young δ Sct stars based on
νhigh > 35 d−1 and a ratio of (νhigh/νlow) < 4.5. Since νlow and
νhigh are extracted in the frequency range of 4 ≤ ν ≤ 98 d−1, they
can be significantly smaller or larger than the corresponding νmax
value for each star (c.f., section 4).
examine any similar ridges in the amplitude spectra using
SC Kepler data, the amplitude spectra were normalised by
νhigh and are plotted on a logarithmic frequency scale in
the bottom panel of Fig. 8, in which the rows above the
white space show an average amplitude spectrum for the
60 δ Sct stars in the panel. The ridges and regularities dis-
cussed by Michel et al. (2017) are evident in a fraction, but
not all, of the amplitude spectra shown in Fig. 8. Further-
more, the ridge-like structure is not always near the value of
νhigh in a star’s amplitude spectrum. For example, the last
star in the top panel of Fig. 8 has several ridges separated
by approximately 3 d−1 in its amplitude spectrum between
35 ≤ ν ≤ 45 d−1, which could correspond to the large fre-
quency separation in this star, but the value of νhigh ' 80 d−1
using the S/N ≥ 10 amplitude criterion described previously
clearly corresponds to higher frequencies that are harmonics
and combination frequencies of these ridges and not intrinsic
pulsation modes.
Other stars similarly have ridges in their amplitude
spectra that do not appear near their νhigh values, which
explains the lack of regularity in the average amplitude spec-
trum shown in the rows above the white space in the bottom
panel in Fig. 8. Therefore, this method of normalising ampli-
tude spectrum by νhigh is strongly dependent on the selection
criteria used in determining νhigh and is not consistent for
all stars. This is easily understood since all peaks in a star’s
amplitude spectra above S/N ≥ 10 in amplitude were in-
cluded in the determination of νlow and νhigh. However, it is
possible for a δ Sct star to have harmonics and combination
frequencies that have amplitudes larger than the chosen am-
plitude criterion, so a larger νhigh value can be used for such
a star which corresponds to a harmonic or a combination
frequency rather than a pulsation mode frequency.
The frequency spacing between consecutive radial or-
der p modes in a δ Sct star is of order a few d−1, but
the specific value depends on the stellar parameters and
the radial orders of the pulsation modes (Breger et al. 2009;
Garc´ıa Herna´ndez et al. 2015; Van Reeth et al. 2018). Fur-
thermore, although p modes in δ Sct stars are typically low-
radial order, pulsation modes of higher radial order can be
considered in the transition region where the asymptotic re-
lation for p modes applies, such that p modes are equally-
spaced in frequency. The mode-dependent transition in the
validity of the asymptotic relation for p modes would break
the expectation of finding equally-spaced ridges in the log-
arithmic plot shown in the bottom panel of Fig. 8, but the
amplitude spectra in linear unnormalised frequencies would
remain unaffected for high radial orders. This is certainly
true for the stars in Fig. 1 that lie hotter than the blue
edge of the classical instability strip and are inferred to be
pulsating in p modes with radial orders of n ≥ 6.
Therefore, the stars identified as young δ Sct stars in
Fig. 8, which were selected because they have high pulsation
mode frequencies (νhigh ≥ 35 d−1) corresponding to young
stars and inferred to be close to the ZAMS based on predic-
tions from theoretical models (Michel et al. 2017), represent
a subgroup of δ Sct stars for which mode identification is
simplified because of the presence of regularities in their am-
plitude spectra. Further observational and theoretical study
for the stars showing regularities in their amplitude spectra
is required, as they provide insight of mode excitation and
interior physics such as rotation and mixing in δ Sct stars
where mode identification is possible, c.f., Van Reeth et al.
(2018).
6 DISCUSSION AND CONCLUSIONS
Two ensembles of δ Sct stars using LC and SC Kepler data
consisting of 963 and 334 stars, respectively, were compiled
and used to characterise the ensemble pulsational proper-
ties of intermediate-mass A and F stars. The LC Kepler
sampling frequency of 48.9 d−1 introduces a bias towards
extracting low-frequency pulsation modes in an iterative
pre-whitening procedure, with higher frequencies being sup-
pressed in amplitude. The amplitude visibility function given
in Eqn. (1) explains the dearth of δ Sct stars with pulsation
mode frequencies above ν ≥ 40 d−1 in LC Kepler data. The
amplitude visibility function is negligible in the SC ensemble
since the SC sampling frequency is 1476.9 d−1; the limita-
tion of these data is that fewer δ Sct stars were observed in
SC than in LC, and typically not for time spans longer than
30 d which has a poor frequency resolution in comparison.
The distributions of δ Sct stars in Teff − log g diagrams
shown in Fig. 1 demonstrate that the theoretical edges of
the classical instability strip for modes of radial orders be-
tween 1 ≤ n ≤ 6 calculated by Dupret et al. (2005) are
mostly consistent with observations of δ Sct stars from
the Kepler Space Telescope. However, a minority of δ Sct
stars, including some with stellar parameters obtained us-
ing high-resolution spectroscopy by Tkachenko et al. (2012,
2013) and Niemczura et al. (2015, 2017), are hotter than the
blue edge and/or cooler than the red edge of the classical
instability strip depending on the source of stellar param-
eters (e.g., Brown et al. 2011; Huber et al. 2014). Further-
more, the boundaries of the classical instability strip calcu-
lated by Dupret et al. (2005) were calibrated using ground-
observations of δ Sct stars, which typically have high levels
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Figure 8. The top panel shows the subsample of young δ Sct stars from the SC ensemble, which were chosen as the stars that satisfied
νhigh > 35 d−1 and a ratio of (νhigh/νlow) < 4.5 similar to Michel et al. (2017). The solid red line indicates a moving average of the νhigh
values along the star number ordinate axis. The bottom panel is the same subgroup of stars as the top panel, but with each star’s
amplitude spectrum having been normalised by its νhigh value and shown on a logarithmic abscissa scale. The solid red line indicates
a moving average of the νlow values along the star number ordinate axis. In the bottom panel, the three rows above the white space
show an average of the 60 normalised amplitude spectra. The colour scale in both panels has been purposefully chosen to have an upper
limit of 0.2 mmag to reveal low-amplitude peaks, which is similar to the arbitrary upper value of 0.2 parts-per-thousand (ppt) chosen by
Michel et al. (2017).
of noise in their amplitude spectra, thus are limited to high
pulsation mode amplitudes. The analysis of a large number
of δ Sct stars in this work supports the requirement for a
mass-dependent value of the αMLT parameter in theoretical
models to reproduce all δ Sct stars in a Teff − log g diagram.
This is particularly necessary to explain the hot δ Sct stars
that are beyond the blue edge of the n = 6 radial mode using
αMLT = 1.8 (Dupret et al. 2004, 2005).
The distributions of maximum pulsation amplitude for
the LC and SC ensembles were shown to be consistent with
each other, as shown in Fig. 2, with typical pulsation mode
amplitudes between 0.5 mmag and 10 mmag found for most
δ Sct stars. Similar high-amplitude tails in the amplitude dis-
tributions of the LC and SC data are also evident, which are
caused by the presence of HADS stars in the Kepler mission
data. These stars have been previously demonstrated to be
rare (Lee et al. 2008; Balona 2016; Bowman 2017), a finding
that is supported by the scarcity of these stars in both LC
and SC ensembles in this work. It remains unclear if HADS
stars are physically distinct from their low-amplitude coun-
terparts (Breger 2000b; Balona 2016; Bowman 2016, 2017).
Further work is needed to address this.
Despite the lack of amplitude suppression, few δ Sct
stars exist in the Kepler data set with pulsation mode fre-
quencies above 60 d−1, with no δ Sct stars having their dom-
inant pulsation mode above 60 d−1 as shown in Fig. 3. This
is in agreement with previous analyses of δ Sct stars us-
ing subsets of Kepler data (Balona & Dziembowski 2011) if
such studies had been corrected for the amplitude visibil-
ity function (Eqn. 1). The dearth of high frequency δ Sct
stars observed by Kepler can be explained by the lack of
hot ZAMS stars, with the TAMS being better sampled in
comparison (Tkachenko et al. 2012, 2013; Niemczura et al.
2015, 2017). The correlations between the pulsation mode
frequencies, effective temperature and evolutionary stage
(log g by proxy) were investigated and shown in Fig. 3.
The ensembles were separated into ZAMS (log g ≥ 4.0),
MAMS (3.5 ≤ log g < 4.0) and TAMS (log g < 3.5) sub-
groups using the KIC values, with separate linear regres-
sions between the frequency of the highest-amplitude pul-
sation mode and Teff for each log g subgroup demonstrating
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a stronger correlation for ZAMS stars in the SC data. For
a ZAMS δ Sct star near the blue edge of the classical in-
stability strip, a high effective temperature facilitates the
excitation of higher overtone p modes and higher observed
pulsation mode frequencies because the κ mechanism oper-
ating in the He ii ionisation zone is closer to the surface of
the star (Pamyatnykh 1999, 2000; Dupret et al. 2004, 2005).
This relationship was also found in ground-based observa-
tions of δ Sct stars (Breger & Bregman 1975; Breger 2000b;
Rodr´ıguez & Breger 2001).
Following a similar methodology to that employed by
Michel et al. (2017) who classified and studied approxi-
mately 250 young δ Sct stars observed by CoRoT, regu-
larities were searched for in the amplitude spectra of 60
young δ Sct stars identified in the SC ensemble of Kepler
observations using the same requirement of high-frequency
(ν ≥ 35 d−1) pulsation modes in their amplitude spec-
tra. Similar ridges consistent with consecutive radial order
p modes can be seen at high frequency in the amplitude spec-
tra of some, but not all, of these young δ Sct stars in the
SC ensemble. This can partially be explained by the ampli-
tude significance criterion used to determine the observables
νlow and νhigh, specifically how harmonics and combination
frequencies need to be identified when searching for the fre-
quency separation between radial order p modes. However, a
fraction of the stars shown in Fig. 8 do show frequency ridges
with spacings of order a few d−1, which are consistent with
axisymmetric island modes predicted by theoretical models
of fast rotating stars (Reese et al. 2009; Michel et al. 2017).
The lack of a complete theory for pulsation mode exci-
tation, specifically the non-linear effects that determine the
amplitudes of pulsation modes, means we are unable to re-
alistically predict the amplitudes of pulsation modes using
current theoretical models. To test if one expects signifi-
cant regularities caused by the separation between consec-
utive radial modes in the amplitude spectra of δ Sct stars,
Reese et al. (2017) investigated multiplying the intrinsic am-
plitudes from theoretical amplitude spectra by random num-
bers uniformly drawn from between 1 and 100 on a logarith-
mic scale. This proxy for a non-linear mode saturation mech-
anism, combined with fast rotation, pulsation mode visibil-
ity and observing a star at an unknown inclination angle led
Reese et al. (2017) to conclude that finding such regularities
in δ Sct stars is unlikely. The exceptions to this were found
in so-called favourable scenarios where 2Ω coincided with ∆ν
or ∆ν/2 corresponding to 30 and 70 per cent of the break-up
velocity (Reese et al. 2017). The lack of significant regulari-
ties in the majority of the amplitude spectra of young δ Sct
stars presented in this work is consistent with the conclu-
sions presented by Reese et al. (2017). On the other, those
δ Sct stars with regularities consistent with consecutive ra-
dial order p modes may provide valuable constraints of rota-
tion and inclination of δ Sct stars based on the discussion by
Reese et al. (2017), which are typically difficult parameters
to determine for δ Sct stars.
Other added complications when studying the ampli-
tude spectra of δ Sct stars are non-linearity in the form of
mode coupling between pulsation modes, and non-linearity
in the form of harmonics and combination frequencies
(Breger & Montgomery 2014; Bowman 2017), which create
pseudo-regularities and dense forest-like amplitude spectra.
It is also important to note that the pulsation modes in δ Sct
stars can potentially cover a large range of radial orders such
that the expected frequency separation between consecutive
radial order p modes in a star is not a constant. This can be
understood from the transition from moderate to high values
of n coinciding with the transition for which the asymptotic
approximation applies. This produces a non-constant value
for the frequency separation across several radial orders in
δ Sct stars further complicating the task or finding regularity
in a star’s amplitude spectrum (see e.g., Breger et al. 2009).
All the discussed effects act towards blurring the mean of
the normalised amplitude spectrum for an ensemble of δ Sct
stars, which explains the lack of regularity in the average am-
plitude spectrum shown in the rows above the white space
in the bottom panel of Fig. 8.
Many δ Sct stars are observed to have low-frequency
peaks in their amplitude spectra (Balona 2014; Balona et al.
2015), which can be identified as combination frequencies or
independent g-mode pulsations (see e.g., Saio et al. 2018).
The full scientific potential of these hybrid stars is yet to be
established, with direct measurements of rotation and angu-
lar momentum transport needed in A stars needed to fill the
gap between B and F stars and constrain theoretical mod-
els (Van Reeth et al. 2016; Aerts et al. 2017b). Asteroseis-
mic modelling of the most-promising δ Sct stars, for which
mode identification is possible, using the stellar evolution
code MESA (Paxton et al. 2011, 2013, 2015) and the pulsa-
tion code GYRE (Townsend & Teitler 2013), will constrain
theoretical models of interior physics in these stars (see, e.g.,
Van Reeth et al. 2018). The ensemble of 963 δ Sct stars ob-
served continuously by the Kepler Space Telescope with an
unprecedented photometric precision is the best data sets
for studying the interior physics of A stars and will remain
of great use for many years to come.
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